In this study, a simple and novel mechanical pressure treatment (MPT) was used to effectively improve the electrical and optical properties of ethylene glycol (EG)-doped PEDOT:PSS (EG-PEDOT:PSS) thin films, one of the most successful organic conductor materials ever which is are widely used in organic electronics because of their admirable film-forming property, high light transmittance, and excellent thermal stability. It is found that the conductivity of the EG-PEDOT:PSS films increased by 32% due to dramatically enhanced carrier mobility because an MPT improves the phase separation between PEDOT and PSS and then yields an interpenetrating conductive network. Meanwhile, the transmittance of the EG-PEDOT:PSS films in the near-infrared band was enhanced, and the surface roughness was reduced. These thin films retain their incredible flexibility as well; after 5000 times of 180°bending, the sheet resistance is basically unchanged. Considering that this MPT approach is already well developed in industrial applications, it is very hopeful to extend this technique in the field of organic electronics.
INTRODUCTION
From liquid-crystal panels and touch screens to electronic papers and solar cells, a variety of optoelectronic devices require a highly transparent conductive electrode (TCE). At present, indium tin oxide (ITO), a well-known metal oxide, is widely used as a TCE because of its excellent electrical and optical properties. 1−3 However, there are two major disadvantages that make it difficult to be the first choice for the next generation of TCE materials. First, ITO is fragile with poor flexibility and ductility, which does not conform to the development trend of flexible optoelectronic devices. Second, the shortage of indium and tin resources and high cost, the complicated producing process, resulting in its high cost, does not meet the basic requirement of commercial applications. 4 Therefore, the search for new TCE materials to replace ITO has attracted extensive attention in recent years. Among them, conductive polymers, 5 metal nanowires, 6 graphene, 7 and carbon nanotubes 8 are worth the expectation and should become the first choice of TCE materials in the future.
To replace ITO, more than excellent optoelectrical properties, reaching the level of industrial production is also very important, such as large-scale fabrication, potentially cost-effective, easily designable, and so forth. 9−11 Hence, the conductive polymers emerged from these candidates.
Since Shirakawa and his colleagues have discovered polymer conductors in 1977, 12 conductive polymers have been greatly developed and attracted the interest of thousands of scientists.
So far, after more than 40 years of research, PEDOT:PSS (Figure 1a ) is undoubtedly the most representative polymer TCE material in this field. 13−15 Although the excellent physical and chemical properties of PEDOT:PSS can make up for the deficiency of ITO and is likely to achieve large-scale industrial applications, its conductivity is still not sufficient. In fact, there are a number of published works to improve the conductivity of PEDOT:PSS. In the past decades, various chemical dopings were used to enhance the conductivity of PEDOT:PSS, 16 including polar organic solvents (dimethyl sulfoxide, ethylene glycol (EG), tetrahydrofuran, glycerol, sorbitol, methoxyethanol, dimethyl sulfate, and xylitol), which were added into the PEDOT:PSS aqueous solution 17−24 or dipped with the organic solvent of processed PEDOT:PSS films. 4, 25, 26 The PEDOT:PSS films can also be disposed with ionic liquids, surfactants, salt solutions, zwitterions, and acids. 27−34 These methods can obviously improve the electrical conductivity of PEDOT:PSS films, but the application of PEDOT:PSS films treated with some chemical reagents is limited in industrial level because of breaking the flatness of plastic substrates, possible exhaust gas emission, absence of mature technologies, and so on.
Here, we creatively propose a simple and widespread mechanical pressure treatment (MPT) of EG-doped PE-DOT:PSS (EG-PEDOT:PSS) films to evidently improve their optical and electrical properties. The dark (σ dc ) and optical (σ Op ) conductivities and the average optical transmittance have been increased by 32, 13,, and 3.3%, respectively. In response to this result, various chemical and physical characterizations were performed, through which we propose a mechanism which indicates that strong mechanical pressure leads to the further improvement of phase separation of PEDOT and PSS in the films; meanwhile, the structural disorder of PEDOT itself decreases. In addition, we have also tested the work function, molecular structure, surface roughness, and flexibility of the resulted EG-PEDOT:PSS thin films, and all of them are in line with the requirements of its application as flexible TCE materials. These results suggest that the MPT technique is extremely valuable for application of conductive polymers in optoelectronics.
RESULTS AND DISCUSSION
2.1. AFM Image Analysis of EG-PEDOT:PSS Films. As we all know, the PEDOT:PSS thin films are extensively used as a buffer layer and a TCE of organic optoelectronic devices. Their surface roughness would essentially affect the quality of the devices. To this end, the atomic force microscopy (AFM) images were taken to investigate the detailed morphologies of EG-PEDOT:PSS thin films with and without MPT. As Figure  2a −h shows, a smoother thin film can be observed via MPT, and the surface roughness of the films under different mechanical pressures is listed as shown in Table S1 . It is found that this MPT approach reduces the surface roughness of the films from 3.3 to 1.9 nm.
Figure 2i−l shows the AFM phase images of the corresponding EG-PEDOT:PSS thin films. Relevant studies have shown that for polymer systems, lower phase angles correspond to relatively softer materials. Because of the hydrophilicity of PSS, it will swell and be soft compared with rigid hydrophobic conjugated polymer PEDOT. Therefore, the brighter regions in the images correspond to the PEDOT-rich areas and the darker regions correspond to the PSS-rich areas. 35 It can be seen from the phase images that with the increase of mechanical pressure, the PEDOT content on the surface of the films increases, and the phase separation between PEDOT and PSS chains becomes more obvious.
2.2. Electrical and Optical Properties of EG-PEDOT:PSS Films. Figure 3a shows the variation of EG-PEDOT:PSS film thickness ( Figure S1 ) and sheet resistance with mechanical pressure. The sheet resistance is the average value calculated after testing 30 samples under each condition. The results show that with the increase of mechanical pressure, the sheet resistance reduces slightly and the thickness decreases greatly. The transmittance of the films in the 550−950 nm wavelength range is shown in Figure 3b . Based on the transmittance of a bare PET substrate ( Figure S2 ) before and after MPT, it can be found that the higher the mechanical pressure is, the higher the transmittance of EG-PEDOT:PSS films in the near-infrared band. The transmittance of the films is in same range of wavelength less than 550 nm. As shown in Figure 3c , the I−V curves of EG-PEDOT:PSS thin films under different mechanical pressures were tested to evaluate their electrical conductivity in the vertical direction. The test structure is shown in the inset. Consistent with the above results, the mechanical pressure also leads to the enhancement of the conductivity of the films in the vertical direction.
Based on Figure 3b , the average transmittance of the films in the range of 550−950 nm is calculated. Then, the ratio of dc to optical conductivity (σ dc /σ Op ) of the films is calculated by using eq 1, which is related to the average transmittance and sheet resistance of the films. The value of σ dc /σ Op is shown in Figure  3d . 
where T is the transmittance, R s is the sheet resistance, and Z 0 = 377 Ω is the impedance of free space. According to the information shown in Figure 3a , the dc conductivity of the films can also be calculated using eq 2. Here, R s is the sheet resistance and t is the film thickness. σ Op is calculated using the value of σ dc /σ Op , and the results are summarized in Figure 3e . It is found that with the increase of of mechanical pressure, both σ dc and σ Op increase significantly. Figure 3f shows the percentage increase of σ dc , σ Op , and average transmittance under various mechanical pressures. The electrical and optical properties of EG-PEDOT:PSS films are improved most obviously at 30 MPa. The σ dc , σ Op , and average transmittance were increased by 32, 13, and 3.3%, respectively.
Here, we attribute the enhancement of electrical properties of EG-PEDOT:PSS thin films to two factors. On the one hand, the phase separation between PEDOT and PSS was further increased by MPT, which leads to the formation of "interpenetrating network structure". On the other hand, the structural disorder of PEDOT itself is weakened more. It has been reported that the evaporation of water from EG-PEDOT:PSS aqueous solution shrinks the thickness of the film during spin-coating casting. In vertical direction, the hydrophilic insulated PSS chains are quasi-continuous, and the hydrophobic conductive PEDOT changes from the original spherical particles to the shape of flattened balls and is separated by the PSS chains. In the horizontal direction, the PSS chain is not completely closed, and the PEDOT particles overlap with each other. 36, 37 It is known that charge hopping between polymer chains is considered to be the main conductive mechanism of conductive polymers. In addition, the percolation theory of conductive polymers shows that phase separation often occurs after film formation if conductive polymers and insulating polymers are dissolved together. In this case, the conductivity of blended polymers will directly depend on the "connectivity" of conductive pathways. In addition, conductive polymers are embedded in insulating systems to form spherical conductive units. The entanglement of polymer chains in conductive units leads to structural disorder in solid phase, which results in localization of electron wave function, making charge hopping more difficult and conductivity lower. 38, 39 With the above knowledge, the mechanism of MPT to improve the electrical and optical properties of EG-PEDOT:PSS films could be explained as follows, by combining the model shown in Figure 1b . There are lots of PSS insulating regions in the intrinsic EG-PEDOT:PSS films, which correspond to some potential barriers and hinder the interconnection of conductive paths between the PEDOT particles. Moreover, the entanglement of polymer chains in PEDOT particles is serious, and the disorder of chain structure increases. The combination of these two factors results in a lower total conductivity of the films. In the process of treatment, the thickness of the films decreases obviously because of the strong mechanical pressure, and the PSS is more intumescent and much softer than PEDOT. Therefore, the rigid PEDOT particles will pass through the preexisting PSS soft insulation region, resulting in the increase of phase separation, and the conductive paths between PEDOT particles will be connected to form an "interpenetrating network structure". At the same time, the chain structure of PEDOT particles would be more orderly for the case of MPT, which weakens the degree of localization of the electron wave function, thus making the charge more easily hopping and transfer and ultimately leading to a tremendous increase in the total conductivity. Using the aforementioned AFM phase images, it has been confirmed that the mechanical pressure does indeed lead to the increase of phase separation between PEDOT and PSS on the film surface.
As already known, in organic electronics, the energy band structure and the corresponding properties of conductor thin films are very important for the devices. Once the energy levels of the material do not match well, it is possible to limit its practical applications in the related fields. In order to confirm whether the energy band and molecular structure of EG-PEDOT:PSS films are affected by MPT, their UPS spectra under different mechanical pressures were measured, as shown in Figure 3g . According to the UPS spectra of the films, the work function was calculated by eq 3.
Here, Φ is the value of the work function, hν is the energy of the incident photon, E Cutoff is the low kinetic energy cutoff of the edge, and E Fermi is the energy value corresponding to the Fermi level. The work function of EG-PEDOT:PSS films was calculated to be ∼5.2 eV, which is in accordance with the previously reported values. 40 Compared with inorganic TCE materials, organic conductive polymers such as PEDOT:PSS have special structures of longrange disorder and short-range order. The study of their optical properties is more complex. Therefore, based on the morphology and structure of the solid films before and after MPT, we tried to use FDTD solutions to simulate the optical transmittance of the films and the results are shown in Figure 3h . It is found that the optical transmittance of the films is in good agreement with the experimental results. Detailed descriptions of simulations are presented in Figure S3 . In order to verify whether the EG-PEDOT:PSS film can maintain its optoelectronic properties steadily after mechanical treatment, the MPTtreated samples were investigated after storage at lab environment for 40 days. The measured transmittance, thickness, and sheet resistance are shown in Figure S4 . It was found that these parameters remained basically constant. These results imply that the EG-PEDOT:PSS films processed by MPT method have plastic deformation, without any elastic recovery.
2.3. X-ray Characterization of EG-PEDOT:PSS Films. In order to further attest that the mechanical pressure increases the phase separation of PEDOT and PSS in resulted thin films, X-ray photoelectron spectroscopy (XPS) spectra of the films under different mechanical pressures were measured. The XPS widescan spectra of the films are depicted in Figure 4a . We can see that the peaks of carbon, fluorine, oxygen, and sulfur are of great distinctness, which conform to the elements contained in our EG-PEDOT:PSS films. Figure 4b shows the S (2p) XPS narrow-scan spectra of the film surface. The peak at a binding energy of 168.35 eV corresponds to the sulfur signal of PSS and the peaks at binding energies of 164.85 and 163.8 eV correspond to the sulfur signal of PEDOT. 4, 41, 42 It was found that the PEDOT content on the surface of EG-PEDOT:PSS films increased relative to PSS after MPT, which was consistent with the observed results from AFM. As depicted in Figure 4c , the S (2p) XPS narrow-scan spectra of the bulk films were measured to further analyze the distribution of PEDOT and PSS. As can be seen, the distribution of PEDOT and PSS in the film changed greatly, the content of PSS decreased sharply, while the content of PEDOT increased fiercely. These results fully indicate that the MPT increases the phase separation of PEDOT and PSS in the films, compresses the PSS insulation area, and leads to the enhancement of conductivity.
Meanwhile, the particle size distribution of EG-PEDOT:PSS aqueous solution and thin films was calculated by the small-angle X-ray scattering (SAXS) pattern to further explore the transformation of particle size due to MPT. It can be observed that the distribution of particles in aqueous solution was relatively uniform, and most of the particle size is about 4.3 nm (Figure 4d ). Relative to the solution, the particles size distribution of the films is irregular, and it can be seen that the particle size after process shows an increasing trend compared with that before process, and most of the particle size increased from 8.7 to 8.9 nm (Figure 4e ). This is in agreement with the previous report that the EG-PEDOT:PSS aqueous solution will change from spherical to the shape of flattened balls and become larger in size during spin coating. 36 The SAXS pattern of the specific test is depicted in Figure S5 . As depicted in Figure 4f , the X-ray diffraction (XRD) pattern of EG-PEDOT:PSS films before and after MPT reflects their crystallization degree. It was noticed that the crystallization of the films increased after the process, so that a small peak appeared at ∼20°, which is consistent with the (020) orthorhombic structure of PEDOT. The particle size distribution and the XRD patterns of the EG-PEDOT:PSS films mentioned above fully indicate that the MPT makes the distribution of polymer chains in PEDOT particles more orderly, which could increase the conductivity of the resulted EG-PEDOT:PSS thin films. The Raman spectra of the films are presented in Figure 4g . We can find that the peaks at 621.9, 849.7, 1099.1, 1295.2, 1609.5, and 1719.1 cm −1 are more pronounced and the positions are constant. These results indicate that the chemical structure of the films is not changed. 41 To elucidate the effect of MPT on microcosmic view, the carrier transport properties in EG-PEDOT:PSS films are investigated. The temperature dependences of electrical conductance of the films before and after MPT were measured, and the results are shown in Figure 4h . According to eq 4
where k is the Boltzmann constant, σ 0 is the pre-exponential factor, 42, 43 and the activation energies (E a ) were calculated to be 3.02 and 1.35 meV, respectively (see in Table 1 ). It is noted that the value of E a decreased by 1.67 meV after MPT, which would result in a better carrier mobility. According to the hall curves ( Figure S6 ) of EG-PEDOT:PSS films before and after MPT, the hall mobility and charge carrier concentration are calculated and are presented in Table 1 . Not surprisingly, it can be seen that MPT can significantly increase the hall mobility. These results reveal that the transport of charge carriers is enhanced by the MPT and clarify the models we assumed at the beginning as well.
2.4. Flexibility Assessment of EG-PEDOT:PSS Films. EG-PEDOT:PSS is an indispensable material for flexible optoelectronic devices, such as organic light-emitting diodes and flexible solar cells, because it is soft and can be assembled on abundant cured surfaces to achieve various novel applications. Here, the flexibility of the resulted EG-PEDOT:PSS thin films are evaluated by repeated bending experiment at 180°. After 5000 times of bending, the sheet resistance of the films remains basically constant ( Figure S7) , which is indicative of great flexibility of EG-PEDOT:PSS thin films. This result implies that the MPT method would not damage the microstructure of polymer films, just as Raman/AFM measurements shown, and thus, the high flexibility attributed to the excellent compatibility of polymer chains could be maintained.
CONCLUSIONS
The electrical and optical properties of TCE materials are the most noteworthy parameters for describing their potential of extensive applications. Additionally, various factors, such as economic cost, process difficulty, raw material adequacy, compatibility, flexibility, stability, weight, and service life, need to be taken into account, considering the practical applications of TCE materials in the case of wearable optoelectronic devices, implantable electronic skin, flexible display, and so forth. The core is to choose the most suitable material after weighing the pros and cons. Figure 5 compares the best performances of sheet resistance and transmittance of various TCE materials, taking full account of the above factors, a flexible transparent conductive polymer PEDOT:PSS is undoubtedly the best choice. 14 In conclusion, a simple and environmentally friendly physical MPT approach has been proposed which greatly improved the optical and electrical properties of conductive polymer EG-PEDOT:PSS films. We attribute the results to two benefits: (1) the strong mechanical pressure leads to the increase of phase separation between PEDOT and PSS domains in resulted EG-PEDOT:PSS films, thus forming an interpenetrating network structure, which is very favorable to percolation mechanism and (2) the PEDOT chains have been arranged into a more orderly structure in the resulted EG-PEDOT:PSS films, which weakens the localization of electron wave function and leads to the improvement of conductivity. Afterward, we further analyzed and explained the enhancement mechanism by combining the phase images of AFM, XPS, and XRD spectra, together with the evaluation of work function, molecular structure, surface roughness, and flexibility of EG-PEDOT:PSS films with or without MPT. This finding manifested that the resulted films meet the application requirements of TCE materials for optoelectronic devices, especially in the field of flexible electronics. Notably, the highest pressure in this study was limited by the experimental equipment, and the MPT of higher pressure may result in the further improvement of PEDOT:PSS thin films.
Finally, we demonstrate an expectation of generalizing this technique to roll-to-roll manufacturing, which is extensively employed in the practical large-scale production of TCE thin films, because of cheap equipment, simple process, and rapid production. This MPT approach could be easily combined in roll-to-roll fabrication: just replace the last roll of assembly line by a typical roller presser. Although it is still undertaking, we believe that this MPT technique will show its special value and industrial application potential in the new-generation electronics.
EXPERIMENTAL SECTION
4.1. Preparation of EG-PEDOT:PSS Aqueous Solution. We use EG and Clevios PH 1000 as initial materials to prepare the EG-PEDOT:PSS aqueous solution. The solid content of Clevios PH 1000 in water is 1.1% (w/w), the PEDOT:PSS ratio is 1:1.25 (w/w), and the viscosity at 20°C is 30 mPas. 49 The materials were mixed using the appropriate stoichiometry as follows to obtain 7 wt % EG and 93 wt % Clevios PH 1000 for the final EG-PEDOT:PSS aqueous solution. In order to enhance the adhesion between the EG-PEDOT:PSS aqueous solution and the substrate, it is necessary to add a drop of surfactant FS-300 from DuPont. The obtained aqueous solution was stirred for 8 h using a magnetic stirrer to achieve uniformity and stabilization before application.
4.2. Fabrication of EG-PEDOT:PSS Films. The EG-PEDOT:PSS aqueous solution was spin-coated onto the PET substrate to form thin films. The PET substrates were cut into small squares of 2 cm × 2 cm and then cleaned with deionized water, alcohol, and deionized water for 15 min to remove the stains on the surface of PET. The previously configured EG-PEDOT:PSS aqueous solution was spin-coated on the PET substrate, the spin speed is controlled at 1000 rpm, and the spin time is set to 40 s. The coated samples were dried on the hot plate for 10 min, and the temperature of the hot plate was set at 95°C. The thicker EG-PEDOT:PSS films can be gained by spin coating two times. The main schematic illustration is shown in Figure S8 .
4.3. MPT of EG-PEDOT:PSS Films. The EG-PEDOT:PSS films were mechanically treated with a powder press machine, before the MPT, and a clean PET substrate is needed to be covered on the films; the purpose is to prevent the impurities Figure 5 . Best performance results of various transparent conductive films on flexible substrates. The transmittance corresponds to the value at 550 nm. The PEDOT:PSS films are from this work. References for sputtered ITO, metal nanowires, single-walled carbon nanotubes, CVD graphene, and metal nanomesh. 44−48 from the powder press machine to pollute the EG-PEDOT:PSS thin films. The main schematic illustration is shown in Figure S8 .
4.4. Characterization of EG-PEDOT:PSS Films. Raman spectra (LabRAM HR800, HORIBA Jobin Yvon) were recorded using an excitation length of 532 nm from 500 to 2000 cm −1 for chemical structure analysis. XPS and UPS (Kratos AXIS Ultra DLD , Shimadzu) were conducted with a nonmonochromated He Iα photon source (hν = 21.22 eV) for chemical element analysis and work function measurement. AFM (MFP-3D, Asylum Research) images were taken using a multimode in "tapping" mode for surface morphology observation. Sheet resistance and thickness were determined by a double-electric four-probe tester (RTS-9) and a noncontact optical profiler (MicroXAM-800, KLA-Tencor) for electronic property analysis. UV−vis transmittance spectra were collected on a Shimadzu UV-3600 spectrophotometer at room temperature. The current−voltage (I−V) characteristic curves were recorded using a Keithley 2400 source meter. Using FDTD solutions software, the transmittance spectra were fit based on vector three-dimensional Maxwell equation. The particle size was obtained by SAXS films (Malvern PANalytical Empyrean with Cu Kα radiation). The crystallization degree was confirmed by XRD films (X'Pert PRO, PANalytical) using parallel light mode with Cu Kα radiation. The flexibility was evaluated using the electric horizontal test bench (SJH-500) by a repeated bending−unbending cycle test. The hall curve is obtained by comprehensive physical property measurement system (PPMS DynaCool, MPMS XL-5, Quantum Design). 
